I examined parasitism of two grasshopper species, Parapodisma tanbaensis and P. subastris, by the flesh fly, Blaesoxipha japonensis, the genus of which includes important parasitoids of grasshoppers and locusts. I collected adult grasshoppers in the northern suburbs of Kyoto from late July to late October 2001 and reared them in the laboratory to investigate parasitism. The parasitism rates were greater for P. tanbaensis than for P. subastris, except for those in Kurama, where no parasitism was observed. The puparial weight decreased as the larval density within the host increased. This tendency was significant only for female hosts, since more puparia often egressed from female hosts than from male hosts. Male puparia were generally heavier than female puparia; this was more evident in female hosts with fewer than three fly larvae. In contrast, puparial weight did not differ by sex when puparia egressed from male hosts. These tendencies were also confirmed in the laboratory experiments. These results suggest that female hosts provide potentially greater resources for fly larvae than male hosts, and that male larvae develop considerably larger at low larval density.
INTRODUCTION
Flesh flies of the genus Blaesoxipha are important parasitoids of grasshoppers and locusts (Uvarov, 1928; Greathead, 1963; Rees, 1973) , and some adult flies of this genus have been collected in Japan (Kurahashi, 1964; Kano et al., 1967; Shinonaga and Matsudaira, 1970) . B. japonensis uses grasshoppers as hosts; known hosts in Japan are Parapodisma tanbaensis (Miura and Ito, 2000) in Kyoto, P. yamato and P. subaptera in Honshu, and Podisma sapporensis in Hokkaido (Ito, personal communication) . However, there are very few reports that include ecological information, such as the host species, host stages, and seasonal changes in parasitism rates. Moreover, there has been no investigation into whether the flesh fly can parasitize the adult stage of the host in a laboratory.
B. japonensis is distributed in all four main islands in Japan and in China (Kano et al., 1967; Kurahashi, personal communication) . The parasitism process is unknown, because all the flesh flies are viviparous or ovoviviparous (Shewell, 1987) ; B. japonensis may deposit larvae on its host and the larvae may cut a hole in the host's integument with their mandibles (Danyk et al., 2000) . These larvae may grow to the third stadium and egress through a hole made in the dorsal region of the intersegmental membrane between the head and thorax of the dead grasshopper host (Danyk et al., 2000) .
Brachypterous grasshoppers, Parapodisma, are endemic to Japan and comprise a number of geographic races (Miyatake and Kanô, 1992; Kawakami, 1999) . P. tanbaensis is distributed only in the Kinki district, and P. subastris in the Kinki and Tohkai districts (Miyatake and Kanô, 1992) . They are univoltine, overwinter as eggs, emerge after the fifth stadium, and feed only on dicotyledonous plants (Miyatake and Kanô, 1992; Miura, personal observation) .
I collected mainly adult P. tanbaensis and P. subastris through the seasons in several places and maintained them in the laboratory to assess whether they had been parasitized by B. japonensis and to obtain basic ecological information about B. japonensis, such as their host species, host stages, seasonal changes in parasitism rates, and the effect of host sex on the size of the flesh fly. In addition, I examined whether B. japonensis could parasitize these adult grasshoppers in the laboratory.
MATERIALS AND METHODS
Organisms and study sites. I collected P. tanbaensis and P. subastris with a net along roadsides near or in secondary forests at six sites in Kyoto and Shiga Prefectures once a month from July to October in 2001 (Table 1 ). The study sites ranged in altitude from 160 m to 830 m ( Table 1 ). The first-stadium nymphs emerged from late April to May around Kyoto City, and adult grasshoppers emerged from late July to October (Miyatake and Kanô, 1992; Miura, personal observation) .
Rearing methods in the laboratory. I reared grasshoppers collected in the field individually in 200-ml clear plastic cups until fly larvae egressed from the grasshoppers or until the grasshoppers died to determine whether the flesh fly B. japonensis had parasitized them. The grasshoppers were fed with commercially formulated artificial diet (Insecta LFS, Nosan Corporation) and observed to record the emergence dates of any B. japonensis larvae under constant conditions (25°C, 16L : 8D).
B. japonensis larvae egressing from grasshoppers were placed individually in a 200-ml clear plastic cup containing wet paper. The 200-ml cup was placed in a larger (430-ml) clear plastic cup to prevent desiccation; both cups were covered with nylon mesh and a lid. The larvae were observed daily; their date of pupariation was recorded and each puparium was weighed. I anesthetized the adult flies with CO 2 immediately after they emerged and determined their sex under a stereomicroscope.
Parasitism experiment in the laboratory. A pair of adult flies were introduced in a clear plastic cylinder (14.5 cm diameter, 20 cm height) with one adult grasshopper, either P. subastris or P. tanbaensis, to examine flesh-fly parasitism on Parapodisma adult grasshoppers. Both ends of the plastic cylinder were covered with nylon mesh to allow ventilation. The flies in the cylinder had free access to sucrose, dried yeast (EBIOS ® , Asahi Breweries, Ltd.), powdered milk (Mainichi-Honebuto MBP Sukimu ® , Snow Brand Milk Products Co., Ltd.) on dishes, and water (soaked filter paper in 9 ml cup). The grasshopper had free access to an artificial diet (Insecta LFS, Nosan Corporation). The cylinder was observed daily for grasshopper survival and egression of fly larvae until all the grasshoppers had died.
Fifty-three adult grasshoppers were used for this parasitism experiment. Of these, 38 adults (10 P. subastris and 28 P. tanbaensis) had been collected from the study sites and reared individually in the laboratory for more than a month on artificial diet in 200-ml cups under constant conditions (25°C, 16L : 8D). The remaining 15 were P. subastris adults that had hatched from eggs deposited in the laboratory in the preceding year by female adults collected from the field; they had been raised in a group of two to three nymphs in 430-ml clear plastic cups at 20Ϯ1°C, under a 16L : 8D photoperiod. After emergence, the grasshoppers were reared for a month on artificial diet under constant conditions (25°C, 16L : 8D) before the experiment.
RESULTS

Seasonal changes in parasitism rates and the host species
I collected 286 adult grasshoppers from late July to late September or mid-October at six study sites (Table 2 ). In addition, I collected 26 fifth-stadium nymphs and one fourth-stadium nymph in late July, and only three fifth-stadium nymphs in mid-August.
The larvae of the flesh fly B. japonensis egressed from 21 adult grasshoppers collected from late July to late September (Table 2) and from three fifthstadium nymphs. The parasitism rates at the six sites were from 0% to 15.4% (Fig. 1) , and the mean rate was 7.3% (Table 2) .
The larvae of the flesh fly egressed from adults of P. tanbaensis at five out of six study sites, and from adults of P. subastris at three study sites ( Table 2 ). The parasitism rates of P. tanbaensis were greater than those of P. subastris at all study sites except Kurama. The species of nymphs 538 K. MIURA collected were not identified because of their close resemblance in the nymphal stages. All B. japonensis larvae reared in the laboratory egressed from their grasshopper hosts in 3.2 days on average after host collection from the field (Fig.  2) and survived to adulthood, emerging in 11.2 days on average after pupariation (Fig. 3) .
Effect of host sex on the number of egressed larvae and the weight of puparium
Only one fly larva egressed in about half of the hosts parasitized (47.6%) (Fig. 4) . Two fly larvae at most egressed from male hosts, whereas up to eight fly larvae were from female hosts (Fig. 4) . Parasitized females were larger than parasitized males both in thorax and hind femur length in P. tanbaensis (thorax length, pϽ0.001; hind femur length, pϽ0.001, t-test) and also in P. subastris, though this was not statistically significant due to Parasitism of Grasshoppers by the Flesh Fly 539 the small sample size (Table 3) .
The puparium weight decreased significantly in both sexes as the number of fly larvae egressing from one host (hereafter referred to the larval density per host) increased, (males, YϭϪ0.0277Xϩ 1.57, nϭ22, r 2 ϭ0.37, pϽ0.003; females, Yϭ Ϫ0.0149Xϩ1.41, nϭ14, r 2 ϭ0.36, pϽ0.02) (Fig.  5) . Male puparia were heavier than females if they egressed from female hosts with fewer than three larvae (meanϮSE: males, 38.9Ϯ1.5 mg, nϭ6; females, 27.0Ϯ0.98 mg, nϭ4) (tϭ5.76, pϽ0.001, ttest) (Fig. 5) , but no significant sexual differences were found if they egressed from male grasshoppers (males, 28.1Ϯ1.8 mg, nϭ4; females, 25.5Ϯ 1.5 mg, nϭ5), (tϭ1.10, pϭ0.31, t-test) (Fig. 5) .
Parasitism experiment in the laboratory
A total of 27 fly larvae egressed from six (24.0%) of 25 P. subastris hosts and six (21.6%) of 28 P. tanbaensis hosts, each of which had been exposed to a pair of adult flies. Two of the six larvae from P. subastris were derived from 10 field-collected hosts, and four of the six larvae from 15 laboratory-reared hosts. Twenty-seven fly larvae on average egressed in 12.9Ϯ2.4 days (meanϮSE) after the host introduction, 19 out of 27 larvae pupated, and 18 adults subsequently emerged.
The larval density per host did not differ significantly by host sex if a single host was provided (meanϮSE: male host, 3.2Ϯ0.35, nϭ10; female host, 3.0Ϯ0.39, nϭ8), (tϭ0.38, pϭ0.71, t-test) (Fig. 6) . Male puparia weighed more than female if they egressed from female hosts (meanϮSE: males, 27.4Ϯ2.5 mg, nϭ4; females, 19.7Ϯ1.3 mg, nϭ4), (tϭ2.75, pϭ0.03, t-test) , but not so if they egressed from male hosts (meanϮSE: males, 12.9Ϯ2.1 mg, nϭ7; females, 16.7Ϯ1.3 mg, nϭ3), (tϭ1.10, pϭ0.30, t-test) (Fig. 6) .
DISCUSSION
This study demonstrated that B. japonensis parasitized P. subastris adults and Parapodisma fifthstadium nymphs in addition to P. tanbaensis adults, 540 K. MIURA All the values were measured to nearest 0.1 mm. Fig. 4 . Sexual differences in the number of fly larvae egressing from each adult grasshopper. Fig. 5 . Relationship between the puparial weight and the number of fly larvae egressing from a host. Each value represents the meanϮSE. SE is not shown for the data for sample sizes of fewer than three. The number on each value is the puparia sample size. A linear regression analysis was used after the puparium weight was transformed with logarithms in base 10. The data of the puparium weight from male grasshoppers were not included in the regression analysis due to the small sample size.
the formerly known hosts (Miura and Ito, 2000) . Both species of adult grasshoppers were present over three months from late July to October, and adult flies emerged shortly after 12.9Ϯ2.4 days (meanϮSE) of larval development (from host introduction to larval egression from a host in the parasitism experiment in the laboratory) in B. japonensis. These results suggest that B. japonensis is multivoltine.
At most two fly larvae egressed from any male host, whereas up to eight larvae egressed from a female host in the field (Fig. 4) . This is probably due to the larger body size of female hosts, which may provide more growth resources for fly larvae than male hosts (Table 3) . As a result, a density-dependent decrease in puparium weight was detected, but was significant only in female hosts. These findings suggest that fly larvae engage in exploitative competition for food resources as do other parasitoid flies (Coupland and Baker, 1994; Danyk et al., 2000) .
Male flies were larger than female flies in terms of puparium weight, and the sexual size difference was more evident when larval density was less than three per host in the field (Fig. 5) . A similar tendency was detected in the laboratory experiment (Fig. 6) . However, the larger body size of the males was contrary to the general tendency for females to be larger than males in most insects; a size dependent increase in fecundity is usually assumed to be the primary cause (Honěk, 1993) . Larger male body sizes were also reported in B. atlanis, a congeneric flesh fly that parasitized Melanoplus sanguinipes grasshoppers in the laboratory (Danyk et al., 2000) . Borgia (1981) also reported the larger wing size of a male dung fly, Scatophaga stercoraria, a non-parasitoid. He suggested probable forces responsible for the longer wing size of the males; male sexual competition for females, and female preference for larger males by the need for males to fly with female mates during mating (Borgia, 1979 (Borgia, , 1981 . However, intense sexual selection has not been reported at all in parasitic flesh flies. The flesh fly females manage to lay larvae on the body surface of grasshoppers that may have parasitoid avoidance tactics. This may suggest a selective advantage for smaller female flies, which could provide maneuverability for parasitism superior to larger flies. Further study is required to determine the adaptive significance of the smaller body size of female flies.
